Voltage-gated potassium (Kv) channels comprise four transmembrane ␣ subunits, often associated with cytoplasmic ␤ subunits that impact channel expression and function. Here, we show that cell surface expression, voltage-dependent activation gating, and phosphorylation-dependent modulation of Kv2.1 are regulated by cytoplasmic N/C interaction within the ␣ subunit. Kv2.1 surface expression is greatly reduced by C-terminal truncation. Tailless Kv2.1 channels exhibit altered voltage-dependent gating properties and lack the bulk of the phosphorylation-dependent modulation of channel gating. Remarkably, the soluble C terminus of Kv2.1 associates with tailless channels and rescues their expression, function, and phosphorylation-dependent modulation. Soluble N and C termini of Kv2.1 can also interact directly. We also show that the N/C-terminal interaction in Kv2.1 is governed by a 34 aa motif in the juxtamembrane cytoplasmic C terminus, and a 17 aa motif located in the N terminus at a position equivalent to the ␤ subunit binding site in other Kv channels. Deletion of either motif disrupts N/C-terminal interaction and surface expression, function, and phosphorylationdependent modulation of Kv2.1 channels. These findings provide novel insights into intrinsic mechanisms for the regulation of Kv2.1 trafficking, gating, and phosphorylation-dependent modulation through cytoplasmic N/C-terminal interaction, which resembles ␣/␤ subunit interaction in other Kv channels.
Introduction
Voltage-gated potassium (Kv) channels play a crucial role in maintaining cellular ionic homeostasis and regulating neuronal excitability (Pongs, 1999) . Kv2.1 is an abundant delayed rectifier type Kv channel expressed in most central neurons (Murakoshi and Trimmer, 1999; Antonucci et al., 2001; Malin and Nerbonne, 2002) , where it is found at high densities in large somatodendritic clusters (Trimmer, 1991; Hwang et al., 1993; Scannevin et al., 1996) . Knock-down of Kv2.1 in rat hippocampal neurons, where it contributes the majority of I K currents (Murakoshi and Trimmer, 1999) , leads to enhanced excitability, especially during highfrequency synaptic transmission, suggesting a critical role for Kv2.1 in regulating membrane excitability (Du et al., 2000) .
Kv channels are grouped in 12 major subfamilies [Kv1-Kv12 (Gutman et al., 2005) ] and are transmembrane protein complexes comprising four pore-forming and voltage-sensing ␣ subunits, which in the case of Kv1 and Kv4 subfamilies are associated with cytoplasmic auxiliary "␤" subunits (Li et al., 2006) . Kv channel ␣ subunits have six transmembrane segments S1-S6 arranged in modular voltage-sensing (S1-S4) and pore-forming (S5-S6) domains, and extensive N-and C-terminal cytoplasmic domains (Long et al., 2005) . The N terminus contains the tetramerization or T1 domain that mediates subfamily-specific ␣ subunit tetramerization (Papazian, 1999) . Kv␤ auxiliary subunits of Kv1 channels also bind within the T1 domain (Sewing et al., 1996; Yu et al., 1996; Gulbis et al., 2000) to influence intracellular trafficking (Shi et al., 1996; Campomanes et al., 2002) , voltagedependent gating (Li et al., 2006) , and phosphorylationdependent modulation (Gong et al., 1999) , and to determine polarized trafficking (Gu et al., 2003) . Kv4 channels also have cytoplasmic auxiliary ␤ subunits named Kv4 channel interacting proteins (KChIPs) that bind to the N terminus of Kv4 ␣ subunits and perform similar roles Schrader et al., 2002; Shibata et al., 2003; Jerng et al., 2004) .
Auxiliary ␤ subunits have not been identified in Kv2.1 channels. Previous studies suggested, however, that the cytoplasmic C terminus of Kv2.1 was an important determinant of channel function, by influencing the voltage-dependent gating of Kv2.1 (Ju et al., 2003; Scholle et al., 2004) and determining its polarized expression and clustering (Scannevin et al., 1996; Lim et al., 2000) . Voltage-dependent gating and clustering of Kv2.1 are also regulated by phosphorylation (Misonou et al., 2004 (Misonou et al., , 2005 ; Mohapatra and at C-terminal phosphorylation sites . The mechanism of gating modulation by C-terminal phosphorylation is not known.
Here, we show that direct Kv2.1 N/C interaction is necessary for efficient intracellular trafficking of Kv2.1 channels to the cell surface, for normal voltage-dependent gating, and for phosphorylation-dependent modulation of gating. We find that the soluble Kv2.1 C terminus can associate with a tailless Kv2.1 mutant via its cytoplasmic N terminus and reconstitute proper tetrameric assembly, intracellular trafficking, and phosphorylation-dependent modulation. We define the Kv2-specific motifs that mediate N/C interaction and find that the Kv2.1 C terminus interacts with the N terminus in a manner similar to that of auxiliary ␤ subunits with Kv1 and Kv4 ␣ subunits.
Materials and Methods
Generation of Kv2.1 mutants and chimeras. Various truncation and internal deletion mutants at the cytoplasmic N-and C-terminal domains of recombinant rat Kv2.1, rat Kv1.4, and rat Kv4.3long were generated following standard molecular biology methods as described previously (Scannevin et al., 1996; Lim et al., 2000) . A methionine residue was incorporated at the beginning of the Kv2.1 N-terminal truncation constructs, ⌬N40, ⌬N60, ⌬N120, and ⌬N130. No methionine residue was incorporated at the beginning of Kv2.1 C-terminal constructs. Although they were constructed as nucleotide sequence corresponding to amino acid residues from 411 to 853, the actual start point is at residue M444, the first corresponding 5Ј-ATG sequence in these constructs. Kv2.1-⌬C416-Kv1.2-S4-S5 chimera was generated from the chimera of Kv2.1 with S4 -S5 sequence of Kv1.2 (Scholle et al., 2004) .
Culture and transfection of COS and HEK cells. COS-1 and human embryonic kidney 293 (HEK293) cells (American Type Culture Collection, Manassas, VA) were cultured and transiently transfected with plasmids encoding the recombinant wild-type (WT), mutant, or soluble fragments of Kv2.1, Kv1.4, or Kv4.3 in pRBG4 plasmids, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions and as described previously . Cells were incubated with Lipofectamine-containing transfection mixture for 6 h in serum/antibiotic-free culture media, after which the cells were rinsed twice and incubated in the serum/antibiotic-containing media. Transfected cells were used for experiments within 42-48 h after transfection. For electrophysiological experiments, the cells were cotransfected with pEGFPc1 plasmid (Clontech, Mountain View, CA) to identify the transfected cells under epifluorescence. The transfection efficiencies were typically 60 -80%. We have used COS-1 cells for the bulk of the immunocytochemical experiments because of their advantageous morphology for imaging the rough endoplasmic reticulum (RER) and cell surface Kv2.1 pools, and HEK cells for electrophysiology and biochemistry experiments because they offer the advantage of a more robust phosphorylation of Kv2.1 Park et al., 2007) .
Culture and transfection of rat embryonic hippocampal neurons. Embryonic rat hippocampal neurons [from embryonic day 18 (E18)/E19 embryos] were isolated and cultured on poly-L-lysine-coated glass coverslips as described previously (Misonou et al., 2004; Mohapatra and Trimmer, 2006) . The cultured hippocampal neurons (CHNs) were transfected on the eighth day in vitro with the Kv2.1-WT or HA-Kv2.1-⌬C416 and Kv2.1C-myc constructs (0.5 g each) alone or in combination (ratio, 1:1) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions, and used 3 d later. Before the addition of Lipofectamine-containing transfection mixture, the glass coverslips with attached CHNs were transferred from the astrocyte conditioned media to new six-well plates containing modified Eagle's medium (MEM) and incubated for 30 min at 37°C in a humidified incubator with 5% CO 2 . CHNs were incubated with the transfection mixture in MEM for 6 h, after which the coverslips were rinsed twice with MEM and transferred to astrocyte-conditioned media and incubated in the CO 2 incubator for 3 d. For electrophysiological experiments, the neurons were cotransfected with pEGFPc1 plasmid.
Immunofluorescence staining of transfected neurons or mammalian cell lines expressing different channel constructs. COS-1 and HEK293 cells, and CHNs transiently expressing the recombinant rat Kv2.1-WT, different truncation, deletion mutants and chimeric channels of Kv2.1, Kv4.3, and Kv1.4 were grown on glass coverslips and paraformaldehyde-fixed, detergent-permeabilized (with Triton X-100) and immunostained as described previously . The rabbit polyclonal antibodies used as primary antibodies were anti-Kv2.1e, generated against the S1-S2 extracellular region of Kv2.1 (Lim et al., 2000) ; KC, generated against the cytoplasmic distal C-terminal end of Kv2.1 (Trimmer, 1991); anti-Kv1.4N, generated against the cytoplasmic N-terminal domain of Kv1.4 (Rhodes et al., 1995) ; and anti-HA (Zymed, San Francisco, CA). The mouse monoclonal antibodies (mAbs) used as primary antibodies were K39/25, generated against the S1-S2 extracellular region of Kv2.1 (Lim et al., 2000) ; K89/41, generated against the cytoplasmic distal C-terminal end of Kv2.1 (Antonucci et al., 2001 ); K75/41, generated against the cytoplasmic C-terminal domain of Kv4.3 (Rhodes et al., 2004) ; K63/39, generated against the cytoplasmic C terminus of Kv1.4 (J. S. Trimmer, unpublished data); and anti-myc (19E10; American Type Culture Collection). The anti-Kv channel mouse mAbs are available from NeuroMab (www.neuromab.org), a not-for profit supplier of monoclonal antibodies administered through the University of California.
For cell surface staining of Kv2.1, cells were fixed and incubated with the Kv2.1e or K39/25 antibodies after fixation and before detergent permeabilization. Our previous studies Tiffany et al., 2000; Manganas et al., 2001a,b; Shibata et al., 2003) show that these conditions do not yield staining of S1-S2 epitopes on intracellular Kv channels, for which the antibodies would need to cross both the plasma membrane and the membrane of the organelle (RER, Golgi, etc.) harboring the intracellular channel to react with the S1-S2 binding site. Alexa 488-conjugated or Alexa 594-conjugated anti-mouse or antirabbit secondary antibodies (1:2000; Invitrogen) were used as secondary antibodies. Coverslips containing stained cells were mounted on microscope slides in PBS, pH 9.0, containing 90% glycerol and 1 mg/ml p-phenylenediamine. Immunofluorescence images were captured with a 24-bit color digital camera coupled to Axiovision software installed on an Axioskop2 microscope with a 63ϫ, 1.25 numerical aperture (NA) PlanNeofluar objective (Carl Zeiss, Jena, Germany). Three-dimensional image analyses of the HEK293 cells were done in a Carl Zeiss Axiovert 200M microscope with a 63ϫ, 1.25 NA Plan-Neofluar objective and an ApoTome structured illumination confocal system, and an Axiocam HRm camera with Axiovision software . Cutview images were generated with Axiovision for analyzing intracellular or plasma membrane-associated distribution of membrane proteins . All of the images were transferred to PhotoShop software (Adobe Systems, San Jose, CA) as JPEG files. For analyses of surface versus intracellular staining of specific channel proteins, four independent blinded samples of at least 100 cells each were scored for determining the surface or intracellular localization.
Immunoprecipitation of Kv2.1 truncation constructs. Coimmunoprecipitation (co-IP) of Kv2.1-⌬C416 and 2.1C or different 2.1N and 2.1C constructs were performed from 1% Triton-X-100-lysed HEK293 cells expressing either or each of the truncation constructs as well as HEK293 cells expressing the Kv2.1-WT. Under our experimental conditions, Ͼ80% of total Kv2.1 from transfected HEK293 cells was in the Tritonsoluble fraction, which was used as the input for subsequent IP reactions. IP reactions were performed using the anti-Kv2.1 rabbit polyclonal antibodies KC, Kv2.1e, or Kv2.1n (ϳ5 g of antibody for ϳ1 mg of total lysate protein) followed by incubation with protein G-Sepharose beads (GE Healthcare, Piscataway, NJ). After extensive washing, the IP reaction products were eluted by boiling the beads in SDS sample buffer for 2-3 min. The eluted protein complexes were then separated by SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were immunoblotted using the Kv2.1 mouse mAbs K89/41 or K39/25, as detailed in the respective figure legends. Immunoblots were incubated with HRP-conjugated anti-mouse secondary antibodies (Antibodies, Davis, CA), followed by ECL (PerkinElmer, Waltham, MA). The Kv2.1-WT, Kv2.1-⌬C416, or different Kv2.1C immunoreactive bands on the membrane were visualized by exposing to x-ray film (Kodak, Rochester, NY).
Sucrose-density gradient sedimentation of Kv2.1 WT and truncation/ deletion mutants. Sucrose-density gradient sedimentation of Kv2.1-WT and truncation/deletion proteins was performed as described previously (Manganas et al., 2001a,b) . HEK293 cells expressing Kv2.1-WT and either or each of the truncation constructs were lysed with the lysis buffer containing 1% Triton X-100 as described previously . Under our experimental conditions, Ͼ80% of total Kv2.1 from transfected HEK293 cells was present in the Triton-soluble fraction, which was used as the input for sucrose density gradient sedimentation experiments. The Triton-X-100-solubilized lysates (50 l) were layered on top of separate linear nondenaturing 5-50% sucrose gradients (1.5 ml) containing the same lysis buffer and protease inhibitor mixture. To yield monomeric Kv2.1-WT ␣-subunits, an aliquot of the lysate was heat-denatured in the presence of reducing agent (␤-mercaptoethanol). Samples were centrifuged for 4 h at 202,059 ϫ g at 4°C, and 10ϫ 155 l fractions were manually collected from the top of the gradient. Each 155 l fraction was added to 155 l of 2ϫ SDS sample buffer, boiled for 2-3 min, and centrifuged at 5000 ϫ g for 5 min. Samples were analyzed by SDS-PAGE and immunoblot as described above.
Immunoblotting of Kv2.1-WT and ⌬55-71 with phosphospecific antibodies. Kv2.1-WT or Kv2.1 ⌬55-71 expressing HEK293 cell lysates were incubated without or with 100 U/ml calf thymus alkaline phosphatase (AP) (Roche, Indianapolis, IN) at 37°C for 2 h and resolved by 7.5% SDS-PAGE followed by blotting onto nitrocellulose membrane as described previously . Immunoblots were probed with either the phosphoindependent anti-Kv2.1 rabbit polyclonal antibody KC, or rabbit polyclonal phosphospecific antibodies specific for Kv2.1 phosphorylation sites pS453 (S453P), pS563 (S563P), pS603 (S603P), and pS715 (S715P) as described previously Park et al., 2006) . Immunoblots were developed as described above.
Electrophysiology and data analysis. Outward Kv2.1 potassium currents were recorded from COS-1 or HEK293 cells transiently expressing the recombinant WT rat Kv2.1 or truncated Kv2.1 mutants alone or in combination using whole-cell mode of the patch-clamp technique. Similarly, delayed rectifier K ϩ (I K ) currents from cultured rat hippocampal neurons transfected with WT and truncated constructs of Kv2.1 alone or in combination were recorded in whole-cell patch-clamp technique. Currents were recorded with an EPC10 patch-clamp amplifier (HEKA Electronik, Lambrecht/Pfalz, Germany), sampled at 10 kHz, and filtered at 2 kHz using a digital Bessel filter. All currents were capacitance-and series-resistance compensated, and leak-subtracted by standard P/n procedure. Only current recordings from cells with Ͻ5 m⍀ (for HEK293 and COS cells) and Ͻ8 m⍀ (for cultured hippocampal neurons) series resistance were considered for analyses. Cells with Ն20 nA peak current amplitude at a ϩ80 mV voltage pulse were not considered for analyses. Patch pipettes were pulled from borosilicate glass tubing, heat-polished at the tip to give a resistance of 1-2 M⍀ when filled with the pipette solution (in mM: 140 KCl, 2 MgCl 2 , 1 CaCl 2 , 5 EGTA, 10 glucose, and 10 HEPES, pH 7.3). The extracellular buffer contained the following (in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose, and 10 HEPES, pH 7.3. For neuronal I K recordings, 100 nM tetrodotoxin was added in the extracellular buffer to block voltage-gated Na ϩ currents. Calf intestinal AP (Roche) was extensively dialyzed with the pipette solution at 4°C overnight using 10 kDa pore size dialysis cassettes (Pierce, Rockford, IL) and diluted in the internal solution to give a final working concentration of 100 U/ml. Extracellular buffers were applied using a polytetrafluorethylene glass multiple-barrel perfusion system. For determining the current density and activation parameters, the cells were held at Ϫ100 mV and step depolarized to ϩ80 mV for 200 ms with depolarizing 10 mV increments. The interpulse interval was 20 s. For neurons, a prepulse at Ϫ10 mV for 30 ms was given before each test pulse to inactivate the majority of transient-outward K ϩ currents. For determining the steady-state inactivation parameters, the cells were held at Ϫ100 mV and step depolarized to ϩ40 mV for 10 s with depolarizing 10 mV increments (conditioning steady pulse) followed by test pulse at ϩ10 mV for 400 ms (test pulse). The Nernst K ϩ equilibrium potential E K was calculated as Ϫ84 mV. Current densities were calculated by dividing the peak current amplitude (in picoamperes) at each membrane potential with the cell capacitance (in picofarads) and plotted against the respective membrane potentials. Voltage-dependent activation and steady-state inactivation curves were generated as described previously (VanDongen et al., 1990; Mohapatra and Trimmer, 2006) , and the voltage-dependent parameters are detailed in Results. PULSE software (HEKA Electronik) was used for acquisition and analysis of currents. IGOR Pro 4 (Wavemetrics, Lake Oswego, OR), and Origin 7 software (OriginLab, Northampton, MA) were used to perform least-squares fitting and to create figures. Data are presented as mean Ϯ SEM or fitted value Ϯ SE of the fit. Paired or unpaired Student's t tests (Origin) were used to evaluate the significance of changes in mean values. Values of p Ͻ 0.05 were considered statistically significant.
Results
Coexpression of the soluble Kv2.1 cytoplasmic C terminus rescues the deficient cell surface expression of a tailless Kv2.1 C-terminal truncation mutant We recently showed through transfer-of-function experiments that the cytoplasmic C terminus of Kv2.1 can act as an autonomous domain necessary and sufficient to transfer Kv2.1-like clustered localization and phosphorylation-dependent modulation of activation gating to chimeric Kv channels . Each of these chimeras exhibited efficient cell surface expression . However, previous studies had shown that "tailless" Kv2.1 truncation mutants lacking all or the last 416 aa of the 443 aa Kv2.1 C-terminal cytoplasmic tail were defective in functional expression (Bentley et al., 1999) . To investigate the basis for the lack of functional expression, we generated a mutant (⌬C416) lacking the last 416 C-terminal amino acids ( Fig. 1 A, diagram) and compared its expression to wild-type Kv2.1 (Kv2.1-WT) in transfected mammalian cells, assaying surface expression levels by double immunofluorescence staining, first staining intact COS-1 cells with an ectodomain-specific antibody, followed by permeabilization and staining with a cytoplasmically directed antibody. Although cells expressing Kv2.1-WT exhibited robust surface staining ( Fig. 1 A) , cells expressing the ⌬C416 mutant exhibited no detectable surface staining, and all detectable staining of permeabilized cells was to the perinuclear region where the RER is located (Fig. 1 B) . This suggests that the cytoplasmic C terminus of Kv2.1 is necessary for efficient export of Kv2.1 from the RER and subsequent cell surface expression, and that the lack of robust ⌬C416 functional expression observed in previous studies was attributable to deficient trafficking of the tailless mutant.
Surprisingly, coexpression of the tailless ⌬C416 mutant with a soluble Kv2.1 fragment (2.1C) containing the bulk (amino acids 444 -853) of the cytoplasmic C-terminal tail significantly increased ⌬C416 surface expression (Fig. 1 D) . Overall, the number of cells expressing robust ⌬C416 surface staining increased from virtually none to 74% of the cells assayed (354 of 478 cells examined in five independent experiments). Coexpression of ⌬C416 with 2.1C also resulted in a translocation of 2.1C from having a diffuse cytoplasmic localization when expressed alone (Fig. 1C) to a plasma membrane-associated pattern in cells coexpressing 2.1C and ⌬C416 (Fig. 1 D) . The reciprocal effects of ⌬C416 and 2.1C coexpression on their respective subcellular localizations, and their colocalization at the plasma membrane, suggest coassembly and stable association of these two Kv2.1 fragments. Coexpression of ⌬C416 with the soluble C termini of either Kv4.3 (4.3C) (Fig. 1 F) or Kv1.4 (1.4C) (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material) had little effect on their respective subcellular localizations. In contrast to the results obtained with fragments of Kv2.1, coexpression of an intracellularly retained Kv1.4 tailless mutant (Kv1.4-⌬C84) with either its own missing C terminus (1.4C) or with 2.1C revealed no rescue of surface expression (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
Similar results were obtained in HEK293 cells (Fig. 2 A) . However, the mutants appearing on the cell surface were not clustered, as is Kv2.1-WT, and any chimeric Kv channel containing the Kv2.1 C terminus, expressed in HEK293 cells . These results show that removal of the Kv2.1 C-terminal tail leads to a traffickingdeficient phenotype that can be rescued by coexpression of the soluble Kv2.1 C-terminal tail, but not the C-terminal tails of other Kv channels.
Coexpression of the soluble Kv2.1 C terminus confers Kv2.1-like voltagedependent gating properties and phosphorylation-dependent modulation to the tailless Kv2.1 mutant Although not expressing detectable cell surface immunofluorescence staining, HEK293 cells expressing ⌬C416 expressed small transfection-and voltage-dependent outward currents, as determined by whole-cell voltage-clamp current recordings ( Fig. 2 B, C) . Consistent with the immunofluorescence staining, coexpression of ⌬C416 with 2.1C led to an Ϸ11-fold increase in the outward current density, from 63 Ϯ 15 to 690 Ϯ 39 pA/pF (at ϩ80 mV; n ϭ 7; p Ͻ 0.005) (Fig. 2 B, C) , a level similar to that in cells expressing Kv2.1-WT. The small outward currents found in HEK293 cells expressing ⌬C416 had aberrant voltage-dependent gating properties, with a membrane potential for halfmaximal activation gating (G 1/2 ) Ϸ6 mV shifted in the hyperpolarizing direction (G 1/2 ϭ ϩ10.5 Ϯ 0.2 mV) relative to Kv2.1-WT (G 1/2 ϭ ϩ16.9 Ϯ 0.5 mV), without any significant change in the voltage dependence of steady-state inactivation gating, as exhibited by similar membrane potentials for half-maximal inactivation (Vi 1/2 ) (Fig. 2 D, E ; Table 1 ). Note that the noninactivating fraction of the total ⌬C416 current was increased at more positive preconditioning potentials compared with Kv2.1-WT (Fig. 2 E) . Coexpression of ⌬C416 with the soluble 2.1C fragment led to the restoration of WT voltage-dependent activation (G 1/2 ϭ ϩ19.5 Ϯ 0.6 mV), although the Vi 1/2 value for steady-state inactivation (Ϫ18.3 Ϯ 0.4 mV) was now significantly shifted relative to Kv2.1-WT (Ϫ27.3 Ϯ 0.7 mV) (Fig.  2 D, E ; Table 1 ). Moreover, coexpression of ⌬C416 with 2.1C led to an increase in the noninactivating pool of currents at more positive membrane potentials compared with ⌬C416 (Fig. 2 E) .
The voltage dependence of activation and inactivation gating of Kv2.1 can be dynamically modulated by altering phosphorylation state at cytoplasmic phosphorylation sites, the bulk of which lie on the C terminus (Murakoshi et ( Murakoshi et al., 1997; Mohapatra and Trimmer, 2006) , exhibited a phenotype indicative of hypophosphorylation (Fig.  2 D, E ; Table 1) , with a left-shifted G 1/2 value and significantly smaller response to intracellular dialysis of AP on the voltage dependence of activation and inactivation gating (⌬G 1/2 ϭ Ϫ16.8 mV and ⌬Vi 1/2 ϭ Ϫ18.1 mV) than that observed for Kv2.1-WT (⌬G 1/2 ϭ Ϫ36.1 mV and ⌬Vi 1/2 ϭ Ϫ29.2 mV). However, coexpression with 2.1C restored WT sensitivity of APinduced modulation of voltage-dependent activation (⌬G 1/2 ϭ Ϫ37.1 mV) and inactivation (⌬Vi 1/2 ϭ Ϫ33.3 mV) gating to ⌬C416 (Fig. 2 D, E ; Table 1 ). These studies show that coexpression of the soluble C-terminal tail restores WT cell surface expression, voltage-dependent gating and phosphorylation-dependent modulation to tailless mutants.
We extended these studies in heterologous cells by performing parallel studies in primary CHNs. We transfected CHNs with HA epitope-tagged Kv2.1-WT, or HA-tagged ⌬C416 (HA-⌬C416), with or without coexpression of myc epitopetagged 2.1C (2.1C-myc). We then performed immunocytochemical and wholecell voltage-clamp electrophysiological analyses as for heterologous cells above. Before these CHN experiments, we verified that the epitope-tagged HA-⌬C416 and 2.1C-myc exhibited characteristics identical with the respective untagged constructs when expressed singly or together in COS-1 cells (data not shown). As previously shown (Lim et al., 2000) , WT HAKv2.1 expressed in CHNs exhibited efficient cell surface expression and was clustered on the soma and proximal dendrites (Fig. 3A) . HA-⌬C416 expressed in CHNs had a perinuclear, RER-like localization, and 2.1C-myc was diffuse and cytoplasmic (Fig. 3A) , consistent with their respective localizations in COS-1 and HEK293 cells (Figs. 1, 2) . Coexpression of 2.1C-myc rescued HA-⌬C416 surface expression in neurons, as determined by staining of intact CHNs with an ectodomain-directed anti-Kv2.1 antibody (Fig. 3A) . Interestingly, as with HEK293 cells, the surface expressed HA-⌬C416 was not clustered, and also did not exhibit the restricted subcellular localization on proximal dendrites, as did Kv2.1-WT (Fig. 3A) , but was now found in the full extent of the dendrites.
Expression of HA-⌬C416 alone in CHNs yielded a significant decrease in the amplitude of whole-cell delayed rectifiertype Kv current, the majority of which are contributed by Kv2.1 channels (Murako- 35 m) through the cell. The bottom panel below each cell is the cross-sectional view at the level of drawn line. Note the redistribution of both ⌬C416 and 2.1C, which are now colocalized on the cell surface when coexpressed, as opposed to perinuclear and scattered cytoplasmic localization of ⌬C416 and 2.1C, respectively, when expressed alone. Scale bar, 5 m. B, Representative whole-cell current traces obtained from HEK293 cells of comparable cell capacitance, transfected with either Kv2.1-WT, ⌬C416, or ⌬C416 plus 2.1C (1:1). The cells were held at Ϫ100 mV and depolarized for 200 ms to ϩ80 mV in 10 mV increments. Inset, Magnified ⌬C416 current. C, Current density plot of whole-cell current recordings of 2.1-WT or mutant constructs (as in B). Data are presented as mean picoamperes per picofarad Ϯ SEM (n ϭ 7 each). D, E, Coexpression of ⌬C416 with 2.1C in HEK293 cells leads to the restoration of WT voltage-dependent activation gating (D) but yields a further shift in steady-state inactivation gating (E) properties. Intracellular dialysis of AP (100 U/ml) led to similar magnitude of hyperpolarizing shifts in the half-maximal conductance (G 1/2 ) and half-maximal steady-state inactivation (Vi 1/2 ) properties of reconstituted (⌬C416 plus 2.1C) channels and WT-Kv2.1, but not ⌬C416. Voltage-dependent activation (D) and steady-state inactivation (E) curves were generated as described in Materials and Methods, and the voltagedependent parameters are detailed in Table 1 . shi and Trimmer, 1999), compared with 2.1C-myc-transfected or untransfected CHNs (Fig. 3 B, C) . This result presumably reflects negative effects of coassembly with trafficking deficient HA-⌬C416 subunits on the trafficking of endogenous Kv2.1 subunits. In contrast, coexpression of HA-⌬C416 with 2.1C-myc in CHNs led to significant increase in the density of whole-cell delayed rectifier-type currents relative to untransfected CHNs (Fig.  3 B, C) , and this additional current, presumably caused by the 2.1C-dependent increase in surface expression of ⌬C416, exhibited voltage-dependent gating properties typical of Kv2.1-WT (Fig. 3C,D) . These results show that, in CHNs, the separate Kv2.1 C terminus can rescue the intracellular trafficking and functional surface expression, but not clustering, of the C-terminally truncated tailless ⌬C416 mutant. (Fig. 4 A) , and vice versa (Fig. 4 B) We next used co-IP to examine the regions of ⌬C416 that were necessary for its interaction with 2.1C. The major cytoplasmic regions remaining in ⌬C416 are the linker between transmembrane segments S4 and S5 (S4 -S5 linker) and the extended N terminus. To determine whether the Kv2.1 S4 -S5 linker was required for the interaction, we generated a chimera (⌬C416-Chi) wherein the 14 aa residue S4 -S5 linker of ⌬C416 was substituted with the distinct S4 -S5 linker (10/16 aa residues identical) from Kv1.2. There was no discernible difference between ⌬C416-Chi and ⌬C416 in the interaction with 2.1C in the co-IP assay (Fig.  4C) . Initial experiments showed that 2.1C did not interact with ⌬C416 lacking the bulk (the first 139 of 180 aa) of the N terminus (⌬N139-⌬C416) (data not shown), indicating that the N terminus of Kv2.1 was necessary for this interaction. Moreover, coexpression with 2.1C did not rescue trafficking of the ⌬N139-⌬C416 mutant that lacks both the N-and C-terminal cytoplasmic domains. That the N terminus of Kv2.1 was sufficient for 2.1C interaction was shown by co-IP of the soluble cytoplasmic N terminus of Kv2.1 (2.1N; aa 1-180) with 2.1C from coexpressing HEK293 cells (Fig. 4C) . Moreover, we found The voltage-dependent activation and steady-state inactivation curves for I K were generated as detailed in Materials and Methods, and the voltagedependent parameters are detailed in Table 2 .
that the interactions between the cytoplasmic N and C terminus of Kv2.1 appear to underlie the rescue of efficient ⌬C416 surface expression by 2.1C. COS-1 cells expressing constant amounts of ⌬C416 and 2.1C were cotransfected with increasing amounts of the soluble 2.1N fragment. Importantly, expression of increasing amounts of 2.1N yielded a dosedependent inhibition of the 2.1C-mediated rescue of ⌬C416 cell surface expression, suggesting that the soluble Kv2.1 N terminus could compete with the N terminus of ⌬C416 for binding to 2.1C (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Expression of comparable amounts of the Kv1.4 N terminus had no effect (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). These results suggest that the specific interaction between the cytoplasmic N and C termini of Kv2.1 is critical to efficient Kv2.1 cell surface expression.
We next analyzed the physical interaction of ⌬C416, 2.1C, and 2.1N by sucrose density gradient centrifugation analyses of Triton X-100 extracts of singly expressing or coexpressing HEK293 cells. Representative results from one of three independent experiments are shown in Figure 4 D. Wild-type Kv2.1 migrated as a fairly tight peak in fractions 4 -6 of the gradient (Fig.  4 D) , presumably representing a homogeneous population of correctly assembled Kv2.1 tetramers. ⌬C416 exhibited a similar peak, although now present in lighter fractions 3-5, presumably representing tetramers of the smaller truncation mutant (Fig. 4 D) . However, ⌬C416 species were also spread throughout lighter and heavier fractions, suggesting heterogeneity in the oligomeric state of the mutant that was not observed for Kv2.1-WT (Fig. 4 D) . 2.1C was found in the lightest gradient fractions, with a peak in the fraction 1, presumably representing unassembled 2.1C as the overall mass of this cytoplasmic fragment is similar to that of ⌬C416 (both Ϸ400 -450 aa). Interestingly, coexpression of ⌬C416 and 2.1C led to a slight change in the mobility of ⌬C416 to a peak similar to that of Kv2.1-WT (fractions 4 -6), although some heterogeneity not seen for Kv2.1-WT persisted. When coexpressed with ⌬C416, the mobility of 2.1C changed dramatically, such that it now comigrated with ⌬C416 at its altered position near Kv2.1-WT. This suggests that ⌬C416 and 2.1C form a stable complex that reconstitutes the hydrodynamic properties of Kv2.1-WT.
The cytoplasmic 2.1N fragment when expressed alone migrated throughout the heavier gradient fractions (fraction 3 and higher). That 2.1N is small (180 aa) relative to 2.1C (414 aa) yet migrates in heavier fractions on these gradients suggests that this T1 domain-containing fragment assembles into tetramers and higher order oligomers. It is also possible that 2.1N interacts with other cellular proteins to form these larger complexes. Coexpression of 2.1N with 2.1C led a change in the mobility of both fragments such that they now comigrated with a peak in fraction 2, with a dramatic loss of the heterogeneity seen in cells expressing 2.1N alone. These assays provide strong biochemical support for physical interaction between ⌬C416 and 2.1C, and 2.1N and 2.1C, and suggest the formation of distinct molecular species comprising the coexpressed fragments. Identification of segments within the Kv2.1 N and C termini that mediate their interaction and regulate Kv2.1 surface expression To identify the regions of the Kv2.1 N and C termini necessary for mediating their interaction, we first determined the minimal regions in the cytoplasmic domain necessary for efficient Kv2.1 surface expression. We analyzed a series of serial truncation and internal deletion mutants in the cytoplasmic C and N termini of Kv2.1 for surface expression efficiency (Fig. 5A) . Serial truncation mutants of the Kv2.1 C terminus up to amino acid 477 (e.g., ⌬C376) yielded mutants that were not obviously different from Kv2.1-WT (Fig. 5 A, B) . However, additional truncation (e.g., ⌬C396) yielded a phenotype similar to ⌬C416, with no detectable cell surface staining and an RER-like localization (Fig. 5 A, B) . These data suggest that a 67 aa segment in the proximal C terminus of Kv2.1 (amino acids 411-477) is necessary for efficient cell surface expression of Kv2.1. Internal deletion mutants disrupting this segment also disrupted efficient Kv2.1 cell surface expression (Fig. 5B ). Note that a recent report has suggested that internal deletion of amino acids 411-523 still yields functional expression of the mutant in PC12 cells (Singer-Lahat et al., 2007) . However, PC12 cells express endogenous Kv2.1 (Sharma et al., 1993) , such that it is possible that coassembly of endogenous Kv2.1 with the ⌬411-523 mutant allows for functional expression of the latter. The basis for the functional expression of the ⌬411-523 mutant in PC12 cells, but not in HEK or COS, warrants additional investigation. We next tested whether this segment mediated the physical interaction of 2.1C with ⌬C416 and 2.1N. We generated a 2.1C mutant starting at amino acid 478 instead of 444, termed 2.1C 478 -853 . Co-IP experiments revealed that neither ⌬C416 nor 2.1N was able to associate with 2.1C 478 -853 (Fig. 6 A) . The 2.1C 478 -853 mutant was also unable to rescue the cell surface expression of ⌬C416 (data not shown). We conclude from these experiments that the 34-aa-long segment (444 -477) that distinguishes 2.1C from 2.1C 478 -853 constitutes the motif that interacts with the Kv2.1 cytoplasmic N terminus. Serial truncation of the cytoplasmic N terminus of Kv2.1 showed that the majority of the cytoplasmic N-terminal region, except for the first 16 aa residues, is required for efficient Kv2.1 cell surface expression (Fig. 5 A, B) . However, the N terminus contains the T1 domain (amino acids 27-133) that mediates efficient tetramerization, also required for efficient surface expression of Kv channels (Papazian, 1999) . To avoid this complication, we used co-IP to directly test the region(s) in the cytoplasmic N terminus of Kv2.1 critical for interaction with the C terminus. We generated fragments of 2.1N consisting of the T1 domain (2.1N 1-139), and found that this shorter fragment, like the original 2.1N (amino acids 1-180) was in a co-IP complex with 2.1C but not 2.1C 478 -853 (Fig. 6 B) .
To gain additional insights into the binding site for 2.1C on the Kv2.1 N terminus, we used homology modeling to generate a structure of the Kv2.1 T1 domain based on the known crystal Figure 5 . Truncation analyses of determinants of Kv2.1 cell surface expression. A, Total immunofluorescence staining for ⌬N16, ⌬N40, ⌬C376, and ⌬C396 truncation mutants of Kv2.1 expressed in HEK293 cells, showing plasma membrane-associated localization of ⌬N16 and ⌬C376 mutants and RER-like localization of ⌬N40 and ⌬C396 mutants. Scale bar, 10 m. B, Schematic diagram of the Kv2.1 C-and N-terminal truncation and internal deletion mutants used to define the minimal motifs required for efficient plasma membrane localization. In the right column, (ϩ) indicates efficient cell surface localization, whereas (Ϫ) indicates no detectable surface expression, as determined by surface and total immunofluorescence staining assay. Figure 6 . The proximal 67 aa residues in the cytoplasmic C terminus are essential for direct interaction of 2.1C with Kv2.1 N terminus. A, Lysates from HEK293 cells expressing Kv2.1-WT or 2.1N, soluble 2.1C, and 2.1C lacking the first 67 aa residues (2.1C 478 -853 ), either alone or in combination, were subjected to immunoprecipitation with the Kv2.1N antibody (recognizes Kv2.1-WT, ⌬C416, and 2.1N but not 2.1C). Immunoprecipitation products were sizefractionated by 9% SDS-PAGE and analyzed by immunoblot/ECL using the mAb K89/41 (recognizes Kv2.1-WT, 2.1C, and 2.1C 478 -853 but not ⌬C416 and 2.1N). Note that ⌬C416 and 2.1N interact with 2.1C but not 2.1C 478 -853 . B, 2.1C interacts with the cytoplasmic N terminus of the channel protein comprising the full-length tetramerization (T1) domain. Lysates from HEK293 cells expressing Kv2.1-WT or 2.1N, 2.1N 1-139 , 2.1C, and 2.1C 478 -853 , either alone or in combination, were subjected to immunoprecipitation with Kv2.1N antibody (recognizes Kv2.1-WT, 2.1N, and 2.1N 1-139 but not 2.1C). Immunoprecipitation products were size-fractionated by 9% SDS-PAGE and analyzed by immunoblot/ECL using mouse mAb K89/41 that recognizes Kv2.1-WT, 2.1C and 2.1C 478 -853 but not 2.1N or 2.1N 1-139 . Numbers to the left of each panel refer to mobility of molecular weight standards in kilodaltons.
structures of the T1 domains of other Kv channels. Based on sequence alignment, percentage amino acid similarity, and conserved Zn 2ϩ -binding motif, a model was generated with SWISS-MODEL (Guex and Peitsch, 1997; Schwede et al., 2003) using the Kv3.1 T1 domain crystal structure as the template. A comparative view of the T1 domain structures of Kv1.2 (Minor et al., 2000), Kv3.1 (Bixby et al., 1999) , Kv4.2 (Nanao et al., 2003) , and Kv2.1 T1 domains is given in Figure 7B . Such homology modeling showed the existence of a distinct loop (residues 55-71) near the bottom of the Kv2.1 T1 domain that was the only remarkable structural difference in Kv2.1 compared with Kv1.2, Kv3.1 and Kv4.2 (Fig. 7B) . Deletion of the 17 aa residues (55-71) comprising this loop yielded an internal deletion mutant (Kv2.1⌬55-71) that is not expressed on the cell surface and exhibits an RER-like localization (Fig.  7C ). To determine whether the effects of this deletion were attributable to a lack of assembly, we compared Kv2.1⌬55-71 to Kv2.1-WT on sucrose density gradients. Kv2.1⌬55-71 comigrated with Kv2.1-WT on these gradients, with a peak in fractions 5, whereas heat-denatured Kv2.1 in the presence of reducing agent (␤-mercaptoethanol) migrated in lighter fractions with a peak in fractions 3, presumably representing monomeric Kv2.1 (Fig.  7D ). These data suggest that, although cell surface expression of Kv2.1⌬55-71 is deficient, the tetramerization of this mutant is intact. We next directly tested whether the Kv2.1 N terminus lacking this segment could still interact with 2.1C. A soluble Kv2.1N lacking amino acid residues 55-71 termed "2.1N-⌬55-71," unlike 2.1N, could not associate with 2.1C (Fig. 7E) , strongly suggesting that this Kv2-specific T1 domain motif physically interacts with the proximal cytoplasmic C terminus to mediate N/C interaction and regulate Kv2.1 trafficking and voltage-dependent channel gating.
We next tested whether N/C interaction is required for phosphorylation-dependent modulation of Kv2.1 gating. We first determined whether deletion of the C-terminal interaction motif in the Kv2.1 N terminus affects the phosphorylation state of the mutant. Digestion of Kv2.1-⌬55-71 expressing HEK293 cell lysates with AP led to enhanced electrophoretic mobility of the mutant that was similar to that observed for Kv2.1-WT (Fig. 8 A) , indicative of similar overall levels of constitutive phosphorylation of the two channels. Moreover, immunoblots of these lysates probed with phosphospecific anti-Kv2.1 antibodies generated against four major phosphorylation sites (pS453, pS563, pS603, and pS715) showed that the Kv2.1-⌬55-71 mutant is constitutively phosphorylated at each these sites, which are dephosphorylated on AP treatment (Fig. 8 A) . Whole-cell patch-clamp recordings from HEK293 cells transiently expressing the Kv2.1-⌬55-71 mutant showed an Ϸ15-fold decrease in the outward current density compared with Kv2.1-WT (Fig. 8 B) . The Kv2.1-⌬55-71 mutant had voltage-dependent activation gating properties resembling partially dephosphorylated Kv2.1, and the ⌬C416 tailless mutant (Fig. 2 D) with G 1/2 value shifted Ϸ21 mV in the hyperpolarizing direction (G 1/2 ϭ Ϫ3.8 Ϯ 0.7 mV; n ϭ 5) relative to Kv2.1-WT (G 1/2 ϭ ϩ17.3 Ϯ 0.6 mV; n ϭ 5). There was no significant change in the half-maximal voltage dependence of steady-state inactivation gating (Vi 1/2 ϭ Ϫ24.4 Ϯ 0.8 and Ϫ25.9 Ϯ 0.5 mV for Kv2.1-⌬55-71 and WT, respectively; n ϭ 5) (Fig. 8C,D) . Moreover, the Kv2.1-⌬55-71 phenotype resembled that of dephosphorylated Kv2.1 and ⌬C416 in the lack of appreciable response to intracellular AP dialysis on the voltage dependence of activation and inactivation gating (⌬G 1/2 ϭ Ϫ6.1 mV and ⌬Vi 1/2 ϭ Ϫ2.4 mV; n ϭ 5) relative to that observed for Kv2.1-WT (⌬G 1/2 ϭ Ϫ37.4 mV and ⌬Vi 1/2 ϭ Ϫ32.3 mV; n ϭ 5). These results indicate that N/C interaction is required to mediate the effects of C-terminal phosphorylation on voltage-dependent gating of Kv2.1 channels.
Discussion
Intracellular trafficking of Kv channels is regulated by a diverse set of determinants (Vacher et al., 2006) . Here, we found that interaction between short segments within the Kv2.1 cytoplasmic N and C termini regulates its intracellular trafficking and surface expression. The critical C-terminal segment is highly charged, Figure 7 . A Kv2-specific motif in the N-terminal T1 domain regulates interaction with the C terminus and surface expression of Kv2.1. A, Sequence alignment of a portion of the T1 domains of rat Kv1.2 (accession number AAA19867.1), Kv3.1 (accession number NP_036988.1), Kv4.2 accession number NP_113918), Kv2.1 (accession number NP_037318.1), and Kv2.2 (accession number EDM11519.1) ␣ subunits. The amino acids highlighted with gray boxes indicate identity with Kv2.1, and blue are amino acids forming the Kv2 family-specific C-terminal interaction motif. Red are amino acids crucial for binding to cytoplasmic auxiliary subunits in Kv1 and Kv4 ␣ subunits. B, Comparative structural models of the T1 domains of Kv1.2, Kv3.1, Kv4.2 (taken from published crystal structures deposited in Protein Data Bank), and Kv2.1 (predicted by homology modeling with the Kv3.1 T1 domain). The gray circle represents the conserved zinc binding motif in the Kv2, Kv3, and Kv4 T1 domains, and the asterisk (*) denotes the Kv2 family-specific loop. C, Immunofluorescence staining of COS-1 cells expressing Kv2.1-⌬55-71. Note the RER-like localization. Scale bar, 5 m. D, Sucrose density gradient sedimentation patterns of Kv2.1-WT (native and heat-denatured) and the Kv2.1-⌬55-71 mutant. E, Lysates from HEK293 cells expressing Kv2.1-WT or 2.1N, 2.1N-⌬55-71, and 2.1C, either alone or in combination, were subjected to immunoprecipitation with the Kv2.1N antibody (recognizes Kv2.1-WT, 2.1N-⌬55-71, but not 2.1C). Immunoprecipitation products were size-fractionated by 9% SDS-PAGE and analyzed by immunoblot/ECL using mAb K89/41, which recognizes Kv2.1-WT and 2.1C but not 2.1N or 2.1N-⌬55-71. Numbers to the left of each panel refer to mobility of prestained molecular weight standards in kilodaltons.
overall quite acidic, and located near the S6 transmembrane segment. Deletion of a similarly localized acidic segment in Kv1 channels leads to misfolded channels retained in the RER (Manganas et al., 2001b) . C-terminal phosphorylation can also affect Kv1 channel trafficking . Although the Kv2.1 C terminus is extensively phosphorylated , phosphorylation does not appear to be a major determinant of its trafficking, because phosphorylation site mutants exhibit trafficking properties similar to WT Kv2.1 . Moreover, although Kv2.1 phosphorylation differs between COS and HEK Park et al., 2007) , Kv2.1 trafficking does not. The precise mechanism whereby N/Cterminal interaction promotes Kv2.1 surface expression is not known. The existence of an RER retention signal in the Kv2.1 N or C terminus that is masked on interaction, as occurs in K ATP channels (Zerangue et al., 1999) appears unlikely, as a Kv2.1 mutant with deleted N and C termini (⌬N139-⌬C416) is not efficiently expressed on the cell surface, and is not rescued by soluble N-or C-terminal fragments.
The intracellular trafficking of Kv1 and Kv4 channels is profoundly affected by association of their N-terminal T1 domains with auxiliary subunits (Shi et al., 1996; Shibata et al., 2003) . Homology modeling of the Kv2.1 T1 domain with known structures of Kv1, Kv3, and Kv4 T1 domains revealed a Kv2 family-specific loop (residues 55-71), which we found is critical for interaction with C-terminal residues 444 -477. The Kv2.1-specific T1 domain segment 55-71 that mediates interaction with the Kv2.1 C terminus is not required for efficient tetramerization, but is obligatory for efficient cell surface expression and modulation of voltage-dependent gating by C-terminal phosphorylation (Figs. 7,  8 ). This region is located near the distal loop of the T1 domain (Fig. 7) , which in Kv1.2 channels binds cytoplasmic auxiliary Kv␤2 subunits (Gulbis et al., 2000) . Kv1.2/Kv␤2 interaction shares similarities to Kv2.1 N/C interaction in not being required for channel tetramerization, but being necessary for efficient trafficking (Shi et al., 1996; Campomanes et al., 2002) . It is intriguing that replacement of the Kv2.1 T1 domain with that of the Drosophila Shaker channel yielded functional expression in Xenopus oocytes (Li et al., 1992) . However, analyses of the trafficking efficiency and voltage-dependent gating characteristics of this chimeric channel were not performed, and it remains an open question as to the precise impact of this foreign T1 domain on Kv2.1 trafficking and gating.
The soluble Kv2.1 N-terminal fragment does not efficiently tetramerize, but instead appears to form larger order oligomers (Fig.  4) , although interaction with other cellular proteins cannot be ruled out. This is distinct from the behavior of N-terminal fragments of Kv1 (Pfaffinger and DeRubeis, 1995; Kreusch et al., 1998) and Kv3 (Bixby et al., 1999 ) channels, which efficiently tetramerize. Kv4 N-terminal fragments also aggregate (Scannevin et al., 2004) , and interaction with cytoplasmic auxiliary KChIP subunits, which promotes efficient Kv4 trafficking Shibata et al., 2003) , prevents aggregation and promotes formation of stable tetramers (Scannevin et al., 2004; Zhou et al., 2004; Wang et al., 2007) . However, unlike the Kv2.1 T1 domain segment that mediates N/C interaction, deletion of the KChIP binding domain leads to increased trafficking of Kv4 channels (Bahring et al., 2001; Shibata et al., 2003) . Existing biochemical evidence suggests that Kv2.1 channels do not have cytoplasmic auxiliary subunits (Chung and Li, 2005) . This suggests that Kv2.1 N/C interaction may serve to accomplish what in other Kv channels requires association with auxiliary subunits. N/C interaction is specific to fragments from Kv2.1 ( Fig. 1; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) and, based on sequence similarities within the interaction domains, can presumably be extended to Kv2.2, but not to members of other Kv families (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The Kv2 family T1 domain is the only T1 domain for which structural information is lacking, perhaps because of the lack of a tetrameric structure when expressed in the absence of the C Figure 8 . N/C interaction motifs regulate the phosphorylation-dependent modulation of Kv2.1 voltage-dependent gating. A, The Kv2.1-⌬55-71 mutant is constitutively phosphorylated. HEK293 cell lysates from cells expressing Kv2.1-WT or Kv2.1-⌬55-71 were digested without or with AP (100 U/ml for 2 h at 37°C) and subjected to immunoblot with anti-Kv2.1 antibody KC and phosphospecific anti-Kv2.1 antibodies S453P, S563P, S603P, and S715P, as detailed in Materials and Methods. Numbers to the left of each panel refer to mobility of prestained molecular weight standards in kilodaltons. Note that Kv2.1-⌬55-71 is constitutively phosphorylated at all four major phosphorylation sites. B, Current density plot of whole-cell patch-clamp recordings of Kv2.1-WT and Kv2.1-⌬55-71. Data are presented as mean picoamperes per picofarad Ϯ SEM (n ϭ 5 each). C, D, Phosphorylation-dependent modulation of the voltage-dependent gating properties of Kv2.1 is abolished in the ⌬55-71 mutant. Voltage-dependent activation (C) and steady-state inactivation (D) curves for ⌬55-71 with or without intracellular AP dialysis. Note that ⌬55-71 behaves quite similar to the Kv2.1 tailless mutant ⌬C416 (Fig. 2C) in that it exhibits a relatively hyperpolarized G-V curve and lack of robust response to AP dialysis relative to Kv2.1-WT (gray lines: ϪAP, dashed; ϩAP, dotted).
terminus. Coexpression of soluble (or fused) N and C termini may rescue this deficit, as observed for other K ϩ channels (Nishida and MacKinnon, 2002; Scannevin et al., 2004; Zhou et al., 2004; Pegan et al., 2005; Wang et al., 2007) , and allow for structural insights into these important domains.
Interdomain cytoplasmic interactions are common among polytopic membrane proteins such as ion channels and receptors (Sun et al., 1995; Schulteis et al., 1996; Gordon et al., 1997; Naren et al., 1999; Ikemoto and Yamamoto, 2002) . The activation gating of a number of ion channels, especially whose gating is influenced by intracellular ligand binding [e.g., cyclic nucleotide gated channels (Gordon et al., 1997; Varnum and Zagotta, 1997; Zheng et al., 2003) and cystic fibrosis transmembrane conductance regulator channels (Naren et al., 1999)] , involves N/C interaction. Previous mutational analyses of the effects of N-and C-terminal deletions (VanDongen et al., 1990) , point mutations (Ju et al., 2003) , and chimeras (Scholle et al., 2004; Mohapatra and Trimmer, 2006 ) suggested a role for N/C interaction in regulating Kv2.1 voltage-dependent activation, and a direct interaction between Kv2.1 N and C termini has been suggested from in vitro binding studies (Bentley et al., 1999) . Voltage-dependent Kv2.1 activation is also profoundly affected by extensive in vivo Kv2.1 C-terminal phosphorylation . Here, we found that mutating the N-terminal motif that mediates Kv2.1 N/C interaction yields a channel that behaves as if it were dephosphorylated, although biochemical and immunochemical analyses suggest that C-terminal phosphorylation is intact (Fig. 8) . This suggests that phosphorylation-dependent modulation of Kv2.1 requires N/C interaction. Recent studies using fluorescence resonance energy transfer demonstrated N/C interaction within Kv2.1 and suggested dynamic changes in this interaction during voltage-dependent gating (Kobrinsky et al., 2006) . Analyses of the effects of altering phosphorylation state on Kv2.1 N/C interaction using such sensitive techniques may clarify the role of C-terminal phosphorylation in regulating this interaction and channel gating. That WT gating properties are restored to truncated channels on coexpression of a soluble C terminus is intriguing in that most models of Kv channel gating (Tombola et al., 2006) suggest a role of the C terminus in gating via direct connection with transmembrane segment S6, lacking in tailless Kv2.1 reconstituted with its missing C terminus. Only one of the phosphorylation sites modulating Kv2.1 gating (S453) is within the C-terminal motif (amino acids 444 -477) identified as mediating N/C interaction, and AP digestion of the soluble N and C termini does not affect our ability to co-IP these fragments. Changes in C-terminal phosphorylation may modulate N/C interaction sufficiently to alter gating but not to disrupt the interaction altogether.
Our co-IP experiments suggest that a Kv2.1-specific membrane proximal segment (residues 444 -477) in the cytoplasmic C terminus is the primary determinant for N-terminal interaction (Figs. 6, 7) . Previous experiments showed that a much larger C-terminal fragment (the C1a domain, incorporating residues 411-521) could interact with the Kv2.1 N terminus in vitro (Tsuk et al., 2005) , and could also interact with soluble N-ethylmaleimidesensitive factor attachment protein receptor (SNARE) proteins (Singer-Lahat et al., 2007 . However, whether the precise determinants for SNARE interaction overlap with the 34 aa residue motif we found critical for interaction with the N terminus is not known. The recent determination of the three-dimensional structure of intact tetrameric human Kv2.1 by electron microscopy and single-particle image analysis shows extra cytoplasmic volume surrounding the presumed site of the tetramerized T1 domains that appears to correspond to the C termini of the four Kv2.1 subunits (Adair et al., 2008) . The solvent-exposed external surface of this domain could mediate interactions with cellular proteins, such as SNAREs (Singer-Lahat et al., 2007 , whereas the internal face of the C-terminal structure interacts with the T1 domains (Adair et al., 2008) .
Coexpression of tailless Kv2.1 with the soluble C-terminal fragment is able to reconstitute most aspects of the Kv2.1-WT phenotype (efficient trafficking, normal voltage-dependent gating, modulation by phosphorylation) except clustered localization (Scannevin et al., 1996; Lim et al., 2000; O'Connell and Tamkun, 2005) . These reconstituted channels have a uniform distribution typical of C-terminally truncated Kv2.1 (Scannevin et al., 1996; Lim et al., 2000) , and Kv2.1 lacking normal levels of C-terminal phosphorylation (Misonou et al., 2004; Mohapatra and Trimmer, 2006) , suggesting that association of the separate C terminus with the channel proper via N/C interaction is not sufficient to mediate clustering. Alternatively, the excess-free C termini may act as dominant negatives by competing for a limited set of clustering sites. The mechanism of clustering is not known but is presumed to involve interaction of the C terminus of the channel with components of a perimeter fence that surrounds each cluster (O'Connell et al., 2006; Tamkun et al., 2007) . The basis for the lack of clustering in the coexpressed and interacting Kv2.1 tailless mutant and soluble C terminus remains an open question.
